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The ferromagnetic shape-memory alloy of nominal composition Ni2Mn1.36Sn0.64 has been investigated by
electronic transport and magnetic studies. The thermoelastic martensitic transition is strongly influenced by the
applied magnetic field as observed in our resistivity and magnetization measurements. The field-cooled and the
zero-field-cooled resistivities show large divergence below the transition temperature. It is evident that the field
cooling through the martensitic transition produces a fraction of arrested austenitic phase, which persists even
down to the lowest temperature of measurement. The field-cooled resistivity shows large relaxation signifying
the nonequilibrium character of the state. The close interplay between magnetization and the structural phase
of the sample plays important role toward the formation of this undercooled arrested state. A parallelism is
drawn between the field-induced anomalies observed in the present shape-memory alloy and some manganites
showing insulator-metal transition.
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I. INTRODUCTION

The coupling between magnetic and structural degrees of
freedom in a solid can lead to intriguing physical properties,
which have immense importance both from fundamental and
technological point of views. In case of many intermetallic
alloys and compounds, magnetic field-induced structural
transition is responsible for various functional behaviors
such as giant magnetocaloric effect,1 colossal
magnetostriction,2 magnetic superelasticity,3,4 giant
magnetoresistance5–7 etc. Some striking properties of the per-
ovskite based manganese oxides also originate from magne-
tostructural instabilities.8 As a result of the first-order nature
of the transition, metastable states are formed,9 and the sys-
tem can show fascinating dynamics resulting from the com-
petition between thermal and magnetic energies. Considering
the growing interests in various systems showing magneto-
structural instabilities, it is pertinent to understand the ther-
momagnetic behavior of systems with such competing inter-
actions.

Heusler based ferromagnetic shape-memory alloys
�FSMAs�10 are interesting biferroic materials showing both
ferroelasticity �development of spontaneous strain� and fer-
romagnetism �development of spontaneous magnetization�.
Recently, Ni2Mn1+xSn1−x based FSMAs have attracted con-
siderable attention due to their remarkable magnetofunc-
tional properties such as shape-memory effect, inverse mag-
neto caloric effect, and giant magnetoresistance around the
martensitic transition �MT�.11–14 These are primarily related
to the field-induced structural transition, which has been con-
firmed by x-ray diffraction experiment.14 Application of
magnetic field near MT induces a reverse transition, where
the martensitic fraction transforms into austenite. This tran-
sition was found to be highly irreversible in most of the
Ni2Mn1+xSn1−x alloys i.e., one cannot recover the trans-
formed fraction by simply withdrawing the field. Recently,

we observed interesting return point memory effect in
Ni2Mn1.4Sn0.6 arising from the field arrested austenite state.13

Formation of a field-induced low-temperature glassy mag-
netic state has been reported for the isostructural indium
alloy.15 Evidently, these materials are an ideal system for
studying the effect of H and T variation across the MT. The
present investigation was performed on the polycrystalline
sample of nominal composition Ni2Mn1.36Sn0.64 and it is
mainly based upon the detailed magnetotransport studies on
the alloy. Ni2Mn1.36Sn0.64 contains less manganese than our
previously studied sample Ni2Mn1.4Sn0.6 and it has much
lower value of the martensitic transition temperature. We ob-
serve intriguing history dependence with respect to the pa-
rameters, H and T, manifesting magnetically arrested states,
which posses a remarkable resemblance with some mangan-
ites showing first-order insulator-metal transition.

II. EXPERIMENTAL DETAILS

The polycrystalline sample of composition
Ni2Mn1.36Sn0.64 was prepared by argon arc melting and sub-
sequent annealing. The room-temperature powder x-ray dif-
fraction pattern confirms that the material is a single-phase
alloy with L21 cubic structure having lattice parameter, a
=5.99 Å. The magnetization �M� was measured by Quan-
tum Design SQUID magnetometer �MPMS 6, Ever-cool
model�. The resistivity ��� was measured using a commercial
cryogen free high magnetic-field system from Cryogenic
Ltd., U.K. in the temperature �T� range 5–300 K and in pres-
ence of magnetic field 0–90 kOe. The sample space of the
system is always filled up with He exchange gas for good
thermal stability and the temperature fluctuation was less
than 20 mK during the isothermal measurements.

III. RESULTS

Figure 1 shows the � versus T data recorded at 0 and 50
kOe of field with different protocols. In the zero-field data
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�filled circles�, clear thermal hysteresis is observed between
the heating and cooling measurements in the range 35–155
K, signifying the first-order MT in the alloy. For an applied
magnetic field �H� of 50 kOe, the field cooling and subse-
quent field-heating data �open circles� show similar thermal
hysteresis, however, now the high-T end point of the loop is
shifted to lower temperatures along with the lowering of the
magnitude of �. This is related to the field-induced transition
near the magnetostructural instability and gives rise to mag-
netoresistance �MR� as large as −30%. Notably, ��T� �open
circles� measured in H=50 kOe during field cooling and
field heating do not approach the zero-field data �filled
circles� below the MT, rather they remain well below in mag-
nitude and run parallel to the zero-field data and considerable
MR �−12%� is observed down to the lowest temperature of
measurement. The MR arising from the magnetostructural
transition is likely to be observed in the vicinity of the MT.
However, for the present sample, it appears that the reduced
value of � in presence of H is carried over well below the
region of thermal hysteresis. This is a magnetothermal arrest
of the low-� phase, which remains arrested even when the
sample is cooled below the MT and subsequently heated
back in field. Now let us look at the zero-field-cooled but
field-heating data �dashed line�, where the sample was heated
from 5 to 300 K in H=50 kOe after being zero-field-cooled
to 5 K. Here, ��T� is almost same to that of the zero-field run
below the MT, decreases considerably as it enters into the
region of thermal hysteresis and then above the MT, it again
approaches the zero-field data. We therefore observe a large
deviation between the field-cooled field-heating �open
circles� and zero-field-cooled field-heating �dashed line� data
measured at H=50 kOe. The deviation starts to emerge from
90 K, which is well inside the region of thermal hysteresis.

We have recorded isothermal � versus H data at 123 K
�inset of Fig. 1�, where a clear irreversibility is observed

between the field increasing and decreasing branches. The
application of field brings down �, however, when the field is
ramped down to zero, � remains arrested in its low value
state. The irreversibility in ��H� is actually the manifestation
of irreversibility of the magnetostructural transition of the
sample. The observed anomaly in the field-cooled � versus T
emerges out of this field induced arrest of the low-� state,
which remains arrested even when the sample is cooled
down to 5 K.

In order to shed more light on this interesting thermomag-
netic behavior, we collected heating ��T� and M�T� data with
different protocols as depicted in Fig. 2. ��T� was recorded
in varied conditions, such as �i� zero-field-cooled �ZFC� and
then zero-field heating, �ii� field-cooled �FC� in H=50 kOe
and zero-field heating, �iii� cooled in H=50 kOe and heating
in 50 kOe. Starting from the lowest T, curve �iii� remains
well separated from curve �i�, which is the effect of field
cooling across the magnetostructural transition. If we look at
curve �ii�, it also remains well below curve �i� �rather close to
curve �iii�� at the lowest temperature. However, above about
10 K �see the inset for a zoomed view�, it starts to approach
curve �i� and eventually joins up with it above 50 K. It de-
picts that the field cooling produces a nonequilibrium state
which persists even when the field is removed at the lowest
temperature, nevertheless it tends to the equilibrium ZFC

FIG. 1. �Color online� Resistivity as a function of temperature at
zero field �filled circles� and 50 kOe field �open circles� for both
cooling and subsequent heating sequences. The dashed line indi-
cates resistivity measured by heating the sample at 50 kOe of field
after the sample being zero-field-cooled down to 5 K. The inset
shows the resistivity at 123 K for both field increasing and decreas-
ing branches.

FIG. 2. �Color online� �a� Resistivity recorded while heating in
�i� zero field after being zero-field cooled, �ii� zero field after being
field cooled in H=50 kOe and �iii� 50 kOe after being field-cooled
in H=50 kOe. �b� Magnetization recorded while heating in �iv� 50
kOe after being field cooled in 50 kOe, �v� 100 Oe of field after
being field cooled in H=50 kOe �vi� 100 Oe of field after being
field cooled in 100 Oe.
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state once we increase the temperature. Interestingly, curve
�ii� shows an exponential behavior as it approaches curve �i�
�a fitted line is shown in the inset of Fig. 2�a��, with an
empirical law of temperature dependence: ��T�=A−B exp�
−T /T0�, here A, B, and T0 are fitting parameters. Our fitting
to the data gives T0 to be 12 K, which is very close to the
temperature from where curve �ii� starts to rise. This shows
that field cooling in 50 kOe produces a metastable state
which is separated from the equilibrium state by a barrier of
height of about 12 K.

The magnetization data also show similar field-cooling
effect. In Fig. 2�b�, curves �iv� and �v� are measured while
heating in H=50 kOe and 100 Oe, respectively, after both
being field-cooled in 50 kOe. In case of curve �vi�, the
sample was field cooled in 100 Oe and M�T� was measured
in 100 Oe during heating. Therefore, the magnetization
curves �iv�, �v�, �vi� are equivalent to the resistivity curves
�iii�, �ii�, �i�, respectively, except only the fact that instead of
zero field, M was measured in a low field of 100 Oe. We find
strong effect of field cooling, as the curves �v� and �vi� differ
from each other. The difference is maximum at the lowest
temperature, but as the sample is warmed up, curve �v� ap-
proaches curve �vi�, signifying the unblocking of the field
arrested state under heating in low field �100 Oe�.

Figure 3 shows ��T� measured at different fields with hys-
teresis loops consisting of field-cooling and field-heating
branches. Our ��T� measurement up to the field strength of
90 kOe indicates that thermally driven MT survives till such
a high field, but it is strongly modified by the metamagnetic
transition. Grossly, the loop shifts to lower T with increasing
H. MT is characterized by four temperatures, namely MS,
MF while cooling, and AS and AF while heating. Martensite
starts to develops from MS and the transition completes at
MF. Similarly, AS and AF signify austenite start and finish
temperatures, respectively, while heating. Roughly, MF and
AF are low-T and high-T end points of the hysteresis loop,
while MS is the minimum point and AS is the maximum point
in the T-decreasing and T-increasing branches �marked in

Fig. 1� of the � versus T data. With the application of H, MS
shifts to lower T and for 0 to 90 kOe of field change, �MS
=33 K. Similarly, we observe �AF=30 K. MF and AS re-
main almost constant under an applied magnetic field. The
magnitude of � gets suppressed below AF under H and the
hysteresis loop becomes fatter but shorter with increasing H.
Interestingly, the area under the thermal hysteresis loops re-
main almost constant for different applied fields �see inset of
Fig. 3�.

It is clear from the previous data that the field cooling
produces a state with lower � and higher M than the ZFC
state. The sample has been reported to show martensite to
austenite transformation under H. Considering the fact that
austenite is electrically less resistive and having higher mag-
netic moment than martensite, the field cooling through MT
actually produces some austenite fraction, which survives
even when the sample is cooled below the martensite finish
temperature, MF. As a result, the FC resistivity decreases
with increasing field, signifying the development of more
and more arrested austenite fraction with increasing H. Fig-
ure 4 shows the H-T phase diagram of the sample for cooling
and subsequent heating in a field H. In the cooling data, the
line MS separates the pure austenite and the low-temperature
mixed phase occurring due to the thermoelastic MT. The line
MF, which indicates the end of thermoelastic transition, is
found to be insensitive to the cooling field. Below this line,
the arrested austenite �A�� is indicated by shades, which in-
creases with increasing H. On the heating H-T diagram �Fig.
4�b��, the existence of the arrested austenite, A� is indicated
below the starting point of the thermoelastic transition, AS.
We observe that unlike MS and AF, the characteristic tem-
peratures AS and MF hardly change with changing field. This
is possibly due to the fact that the effect of H is to create
arrested austenite out of metastable martensite only, and the
martensite phase is metastable between the temperatures MS
and AF.

A metastable state is defined as a state corresponding to
the local minimum in the free-energy configuration separated

FIG. 3. �Color online� Field cooling and field-cooled heating
resistivity data measured at different applied fields. The inset shows
the area of the thermal hysteresis loops as a function of H.
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FIG. 4. The H-T phase diagram of the sample for cooling and
heating in a field H. Here, A denotes the high-temperature phase,
M is the martensite phase, and A� is the field arrested undercooled
austenite phase. The stripes �between MS and MF in case of cooling
and between AF and AS in heating� denote the region of thermoelas-
tic martensitic transition.
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by an energy barrier from the equilibrium state. For T�0,
the thermal energy can assist the system to evolve into the
equilibrium configuration. It is therefore interesting to see
how the resistivity in the arrested FC state relaxes with time
�t�. Figure 5�a� depicts the relaxation of � as a function of
time at 60 K. The sample was field cooled to 5 K in H
=HFC, heated back to 60 K in the same field and then � was
measured as a function of time after the removal of the field
HFC. Once the field is removed, � quickly attains a value
close to the zero-field resistivity, �H=0 �curve �i� of Fig. 2�.
On the heating branch, 60 K is a temperature that is too high
to keep the austenite arrested completely. After that it slug-
gishly increases toward �H=0 with t. We measured ��t� for
about 8000 s, and a reasonably large relaxation in � was
observed �about 2.1% for HFC=70 kOe�. In our measure-
ment, t=0 denotes the time when the field is completely
removed. In all cases � increases with t and it asymptotically
approaches the zero-field value. The sluggish rise of � for t
�0 depends strongly upon HFC, and it is clearly seen that the
relaxation is more prominent for higher HFC. This is not

surprising because a higher value of HFC will create a higher
fraction of arrested metastable state. At zero applied field, the
sample does not show any relaxation due to the absence of
field-induced metastability. We observe a logarithmic evolu-
tion of � with time: ��t� /��t=0�=1+S� ln�t / t0�, where t0 and
S� are the fitting parameters �solid lines in Fig. 5�a��. A loga-
rithmic relaxation of physical parameters is well established
and it can happen due to the thermal excitation of the system
across the distribution of energy barriers.16 The coefficient of
the logarithmic term, S�, increases sharply with increasing
HFC.

One can argue that the observed relaxation is simply due
to the finite reaction time of a ferromagnetic sample such as
Ni2Mn1.36Sn0.64 to the removal of a magnetic field. In order
to rule out the possibility, we measured the relaxation of � at
60 K after removing the field �50 kOe� for both FC and ZFC
protocols �see Fig. 5�b��. In case of FC, the sample was
field-cooled in 50 kOe down to 5 K and heated back to 60 K
in field, while in ZFC case, the sample was zero-field-cooled
down to 5 K, 50 kOe field was applied and then heated back
in field to 60 K. Clear signature of relaxation is observed in
case of FC state, while for the ZFC case, the relaxation is
insignificant. It signifies that the field cooling through the
MT has distinctive effect on the electronic state of the sys-
tem. A mere application of field below 60 K on the ZFC state
cannot produce the nonequilibrium state, which can relax
with time.

IV. DISCUSSION

The present system is an interesting example where we
observe a mutual coexistence of thermally driven MT and
the field driven reverse transition, both first order in nature,
which together give rise to a complex H-T behavior. Similar
interplay between two orderings are observed in other sys-
tems such as multiferroic materials �ferromagnetic and
ferroelectric�17 and intermetallic alloy such as ZrZn2,18

where superconductivity and ferromagnetism coexist. How-
ever, as far as the magnetothermal properties are concerned,
Ni2Mn1.36Sn0.64 shows remarkable similarities with the man-
ganite compounds, �Nd,Sm�0.5Sr0.5MnO3.8,19 Here, the tem-
perature driven first-order ferromagnetic �FM� to charge-
order �CO� transition gets shifted to lower temperature with
the applied magnetic field, which signify a field-induced re-
verse CO to FM transition. Consequently, H tries to stabilize
the FM phase and a field-cooling through the first-order
CO-FM transition �which is also associated with a insulator-
metal transition� gives rise to metastable metallic FM frac-
tion below the region of thermal hysteresis �see Fig. 1 of Ref.
19� that persists down to the lowest temperature. The devel-
opment of this FM phase due to the field cooling in case of
�Nd,Sm�0.5Sr0.5MnO3 is very similar to the development of
FC austenite phase in the present sample. The fraction of
metastable FM phase at low temperature increases with in-
creasing H and it was observed that beyond a certain value of
H �above 60 kOe for Nd0.5Sr0.5MnO3�, the CO state gets
completely molten. These manganite samples also show
similar thermomagnetic irreversibility between the FC and
ZFC measurements.20,21

FIG. 5. �Color online� �a� The upper panel depicts normalized
resistivity as a function of time at 60 K. The relaxation measure-
ments were performed after the sample was field cooled in a par-
ticular field HFC down to 5 K, heated back to 60 K, and then
removing the field HFC. The solid lines are the logarithmic fit to the
data. �b� Relaxation of resistivity at 60 K for two different proto-
cols, namely FC, where the sample was field cooled in H
=50 kOe down to 5 K, heated back to 60 K and relaxation was
measured by removing the field, and ZFC, where the sample was
zero-field-cooled down to 5 K and at this temperature 50 kOe of
field was applied and the sample was allowed to heat up to 60 K,
and then the relaxation was measured by removing the field.
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The irreversibility between temperature dependence of FC
and ZFC magnetization is quite common in case of glassy
magnetic materials. This is attributed to the random freezing
of the spins during the zero-field-cooling. The ZFC state is a
nonequilibrium state and it approaches the FC state with time
�MZFC�t→���MFC�.22 In contrary to this, the FC state is
found to be more metastable in case of Ni2Mn1.36Sn0.64 than
the ZFC one. As observed in Fig. 2, the FC � approaches the
ZFC � on the heating branch once the field is removed. This
is an example of reentrant transition, where by virtue of the
zero-field heating of the field-cooled state up to above MT, a
transition such as “arrested austenite” �A��→ “martensite”
�M�→ “austenite” �A� occurs. The equivalent re-entrant
transition in �Nd,Sm�0.5Sr0.5MnO3 is the collapse of the ar-
rested FM state into CO state on heating.

We observe strong time dependent effect of � in the FC
state, which is practically absent in the ZFC state. This evi-
dence of metastability of the FC state can be due to some
arrested austenite fraction, which gradually converts to mar-
tensite with time. Another likely source of this metastability
is the preferential nucleation of martensite under an applied
magnetic field. Recently, Aksoy et al.23 have reported the
result of their T-dependent strain measurements in presence
of H in several Ni-Mn-X �X=In,Sn,Sb,Ga� based FSMAs.
It is observed that during cooling through MS in presence of
H, the martensite variants are grown with their easy axis of
magnetization directed along the direction of applied field.
However, growth is random when the sample is cooled in
zero field. The observed relaxation in the FC state of the
present sample can be related to this preferential nature of
the variant growth. When the field is removed below MS, the
oriented variants tend to get randomized by the thermal en-
ergy with time. The randomized variants would offer more
resistance due to the enhanced scattering of electrons from
the interfaces and as a result a time dependent increase of
resistance is expected.

The thermal hysteresis observed in the present sample
around the MT is inherently related to the supercooling and
superheating of high-T and low-T phases, respectively. In the
standard notation of first-order phase transition, the extent of
metastability is bound between the temperatures, T�� and
T�.24 In case of MT, the temperatures MF and AF are equiva-
lent to T� and T��, respectively. Below T�, the supercooled
state becomes unstable, and the system completely transform
into low-T phase. Similarly, above T��, the superheated state
cannot survive. In real system, the presence of disorder
and/or impurity can locally reduce the free-energy barrier,
causing the low-T �or high-T� phase to nucleate even above
T� while cooling �or below T��while heating�.25 Therefore,
one can have phase coexistence in the region of hysteresis.9

Polycrystalline sample such as Ni2Mn1.36Sn0.64 is expected to
possesses disorder/defects, and it will have both high-T aus-
tenitic and low-T martensitic phases in the region around MT
where the thermal hysteresis is observed. With increasing H,
� decreases �and simultaneously M increases� gradually, sig-
naling monotonic increase of austenitic fraction at the ex-
pense of martensite. This is quite different from the sharp
field-induced transition at a critical field in case of Gd5Ge4,26

RCo2 �R=rare earth� Laves phase compounds,27 or B-site
doped Perovskite oxides.28 Possibly, in case of Mn-based

Heusler alloys, the application of H in the region of transi-
tion, causes the free-energy barrier to decrease. The higher
the magnetic field, the effect on the free-energy barrier is
stronger, causing the development of more austenite by ther-
mal activation. In other words, the austenite does not equili-
brate with the sudden collapse of the barrier at a critical field.
In addition, disorder gives a spatial variation of the free-
energy profile, as a result, the threshold field for the marten-
site to austenite transition will vary over the sample. In ef-
fect, this will cause a gradual melting of the martensite with
increasing H.

However, the above picture of first-order phase transition
is inadequate to account for the complex H-T phase diagram
in Ni2Mn1.36Sn0.64. Considering the fact that T� �or MF� de-
notes the end point of metastability in the low-T side, one
would not expect the formation of arrested state well below
MF. In addition, the Zeeman energy term �−MH� is too weak
to play a significant role for a large change in MS under H.
We need to remember that in the present case the elastic
strain and magnetization are closely interconnected. Landau
free energy �FL� with biquadratically coupled order param-
eters has been used for magnetostructural transition in man-
ganites such as La1−xSrxMnO3 and Nd0.5Sr0.5MnO3.8,19,20 A
similar model can be appropriate in the present case, where

FL = f0 + ��T − TC�M2 + �M4 − MH + ���T − T0��2 + ���4

+ ���6 + 	M2�2. �1�

Here, M and � �strain� are two order parameters correspond-
ing to second-order ferromagnetic transition and first-order
MT, respectively. The term 	M2�2 denotes the coupling be-
tween magnetic and elastic energies and −MH is the Zeeman
energy term. This free energy can bear the high-temperature
ferromagnetic ordering �at TC� and austenite to martensite
transition �at T0�. However, for suitable values of the coeffi-
cients, it can give rise to a first-order transition line, where
the free-energy minimum for the martensite is low enough
for structural ordering, and a metastable austenite �a metallic
ferromagnetic state in case of manganite� prevails down to
low temperatures.29 In the present case, this undercooled aus-
tenite phase might be primarily responsible for the lower �
and higher M in the field-cooled state of the sample.

In this connection, we would like to mention that the mar-
tensitic transition temperatures of Ni2Mn1+xSn1−x alloys de-
pend strongly on Mn concentration. It is believed that the
excess Mn �denoted by x� gives rise to some short-range
antiferromagnetic �AFM� correlations in the system and it
plays an important role for the structural instability.30 MS
shifts to higher T by 80 K for x changing from 0.36 �present
sample� to 0.4. The x=0.4 sample also shows irreversibility
in the � �and also M� versus H behavior in the region of MT
due to field-induced transition, however, the presence of un-
dercooled austenite phase in the FC data down to lowest
temperature is absent here.13 For x=0.4, the FC � approaches
to the ZFC � as the temperature is lowered below the MF of
the sample. The MT occurs at much higher temperature in
case of x=0.4, and possibly in presence of thermal fluctua-
tions at relatively high T, the undercooled austenite cannot
be stabilized here.
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V. SUMMARY AND CONCLUSION

We have investigated the metastability associated with the
structural transition in Ni2Mn1.36Sn0.64 by carefully control-
ling the parameters such as magnetic field and temperature.
The thermally driven martensitic transition is strongly influ-
enced by the applied magnetic field. We observe a remark-
able H-T phase diagram, where an undercooled austenite
phase exists down to the lowest temperature. We have
mooted the concept of coupled order parameter for the
present sample, which predicts an undercooled state in cer-
tain situations. A notable similarity is seen between the
present phenomenon with some manganites such as,
Nd0.5Sr0.5MnO3, showing first-order transition from ferro-
magnetic to charge-order state. The microscopic origin of the
magnetic and structural aspects in Heusler alloys and man-
ganites are quite different. The commonality in their bulk
properties possibly lies to the fact that a generic statistical

model for magnetostructural transition with two competing
order parameters is obeyed by both the systems. It should be
borne in mind that both manganites and the present FSMA
are phase separated systems and AFM correlations play an
important role toward the structural instability in both the
systems.

The paramagnetic to FM and FM to CO transitions in
Nd0.5Sr0.5MnO3-derived compositions show strong hydro-
static pressure �P� effect. It can be equally interesting to
investigate the effect of P on the sample and construct the
P-T phase diagram, which will bring out correctness of the
coupled model and will through more light on the fate of the
metastable state under pressure.
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